Yeast two-hybrid (Y2H) is a well-established genetics-based system that uses yeast to selectively display binary protein-protein interactions (PPIs). To meet the current need to unravel complex PPI networks, several adaptations have been made to establish mediumto high-throughput Y2H screening platforms, with several having successfully incorporated the use of the next-generation sequencing (NGS) technology to increase the scale and sensitivity of the method. However, these have been to date mainly restricted to the use of fully annotated custom-made open reading frame (ORF) libraries and subject to complex downstream data processing. Here, a streamlined Y2H library screening strategy, based on integration of Y2H with NGS, called Y2H-seq, was developed, which allows efficient and reliable screening of Y2H cDNA libraries. To generate proof of concept, the method was applied to screen for interaction partners of two key components of the jasmonate signaling machinery in the model plant Arabidopsis thaliana, resulting in the identification of several previously reported as well as hitherto unknown interactors. Our Y2H-seq method offers a user-friendly, specific and sensitive screening method that allows identification of PPIs without prior knowledge of the organism's ORFs, thereby extending the method to organisms of which the genome has not entirely been annotated yet. The quantitative NGS readout allows to increase genome coverage, thereby overcoming some of the bottlenecks of current Y2H technologies, which will further strengthen the value of the Y2H technology as a discovery platform.
Introduction
Disentangling protein-protein interaction (PPI) networks is crucial for our understanding of cellular organization and function. To achieve this, a wide range of technologies to identify PPIs has been developed over the last decade [1, 2] . One of the most advanced and commonly used methods to identify PPIs in vivo under near-physiological conditions is affinity purification coupled to mass spectrometry (AP-MS) [3] [4] [5] . Equivalent comprehensive assays to specifically identify binary PPIs include protein domain microarrays and in vivo protein fragment complementation assays (PCAs) [6] [7] [8] [9] [10] . The principle of PCA is based on the fusion of two hypothetically interacting proteins (bait and prey) to two fragments of a reporter protein.
Interaction between the bait and prey proteins results in the reassembly of the reporter protein, followed by its activation. The signal readout can be bioluminescence, fluorescence or cell survival. In the popular yeast two-hybrid (Y2H) method, the bait protein is fused to the DNA binding domain (DBD) and the prey (or prey library in the case of a comprehensive Y2H screening) is fused to the activation domain (AD) of a transcription factor (TF) [11] . Upon association of the hypothetical interactors, the TF is functionally reconstituted and drives the expression of a reporter gene that can be scored by selective growth. Typically, conventional medium-throughput Y2H library screenings are subject to laborious one-by-one clonal identification of interaction partners, but today, proteome-wide mapping of PPIs demands a highthroughput approach. This led for instance to the development of a matrix-based Y2H method that bypassed the inefficient identification by DNA sequencing [12] . Collections of bait and prey strains were automatically combined and arrayed on fixed matrix positions and PPIs were scored as visual readouts. A major drawback of this strategy is the need for pre-assembled libraries based on defined gene models and expensive robotics that are not accessible to every researcher. Clonal identification of Y2H screening with DNA sequencing has a tremendous negative effect on the efficiency, cost and labor of the method. Furthermore, given the labor-penalty involved with increasing transformation titers, the clonal identification of Y2H interactions is usually not compatible with quantitative assessment of PPI abundances. Therefore, replacing the conventional Y2H screening strategy with a pool-based selection and global identification by NGS, can have three major implications: (i) cost reduction by high-capacity sequencing, (ii) higher sensitivity and (iii) quantification of the abundance of bait-specific interactions. The lab of Marc Vidal pioneered the implementation of the NGS technology for massive parallel Y2H screening in the Stitch-Seq method, mainly to map the human interactome. Herein, single amplicons, concatenating sequences of potentially interacting proteins, serve as template for NGS [13] . Nonetheless, this method remains laborious because it requires clonal isolation and several PCR rounds for PPI identification for each selected colony. The lab of Ulrich Stelzl developed the Y2H-seq method, thereby illustrating the advantage of NGS for Y2H towards scalability by mapping the protein methylation interactome [14] . In this strategy, the use of barcode indexing enables simultaneous sequencing of interacting preys of multiple separate baits in a single Illumina run. This strategy is based on mixing bait and prey pools prior mating, followed by selective growth, and deep-sequencing, but still requires a post-screen binary testing of interacting baits with each of the identified preys. The use of barcodes was further exploited in the Barcode Fusion Genetics-Yeast Two-Hybrid (BFG-Y2H) method. This matrix-Y2H strategy uses Cre-recombinase to create intracellular chimeric barcodes that are derived from protein pairs, thereby enabling immediate identification and quantification of each interaction pair through NGS [15] . Prior to screening and NGS, isolation and sequencing of each barcoded bait and prey clone are essential to associate barcodes to ORFs, which may pose a cost restriction for massive screening purposes. Lewis et al., (2012) developed the Quantitative Interactor Screen Sequencing (QIS-Seq) approach, which provides a quantitative measurement of enrichment for each interactor relative to its frequency in the library without the use of barcode fusion proteins [16] . The latter was addressed in CrY2H-seq, which introduced a Cre-recombinase interaction reporter that endorses fusion of the coding sequences of two interacting proteins, followed by NGS to identify these interactions en masse [17] . The latter method was employed to uncover the transcription factor interactome of A. thaliana.
All of the above-mentioned Y2H-NGS strategies focus on increased capacity, efficiency and sensitivity, although they may face some lack in specificity, are laborious or do not fully exploit the quantification potential of NGS coupled to Y2H. Furthermore, construction of full-length ORF libraries is necessary, thereby restricting these methods to organisms of which the genomes are well annotated or to 'defined' gene models, which for instance cannot take alternative splicing, alternative start codon use or transcript processing into account.
Here, we discuss a user-friendly and standardized Y2H-NGS workflow ('Y2H-seq'), complementary to the matrix-Y2H approaches, which allows rapid identification of interaction partners of a bait of interest in the organism of choice without the need for expensive robotics. The Y2H-seq screening method generates a quantitative readout that, through the use of control screens, allows to eliminate false-positive PPIs to boost the specificity of the method and thereby avoiding unnecessary downstream experimental binary interaction verification. Furthermore, the method is not dependent on predefined and prefabricated ORF libraries but on cDNA libraries, and is therefore principally applicable to every organism regardless of the annotation status of its genome. The functionality of our methodology is validated here by implementing it on two well-studied members of the jasmonate (JA) signaling cascade in the model plant Arabidopsis thaliana, i.e. TOPLESS (TPL) and Novel Interactor of JAZ (NINJA), respectively encoded by the loci AT1G15750 and AT4G28910 [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Material and methods

Gene cloning
All cloning was carried out by Gateway recombination (Thermo Fisher Scientific, Waltham, MA, USA). The full-length coding sequence of IAA17, AT4G36480, AT1G34340, AT3G06850, AT4G05553, AT3G50000, AT3G54390, AT2G40260, AT3G05670, AT2G33550 and AT3G198 60 were PCR-amplified (for primers, see S1 Table) using cDNA of Arabidopsis seedlings and recombined in the donor vector pDONR221. All the entry clones used in checkpoint 1 had previously been generated [18, 27] .
Binary Y2H analysis
Y2H analysis was performed as described [28] using the GAL4 system [28] , in which bait and prey were fused to the GAL4-AD or GAL4-BD via cloning into pDEST22 or pDEST32, respectively. The Saccharomyces cerevisiae PJ69-4α yeast strain [29] was co-transformed with bait and prey constructs using the polyethylene glycol (PEG)/lithium acetate method. Transformants were selected on SD medium lacking Leu and Trp (Clontech, France). Three individual colonies were grown overnight in liquid cultures at 30˚C and 10-or 100-fold dilutions were dropped on control (SD-Leu-Trp) and selective media (SD-Leu-Trp-His).
Y2H cDNA library used to perform the Y2H screening
The ProQuest two-hybrid cDNA library was generated by cDNA synthesis from RNA extracted from A. thaliana suspension cells AT7, cloned into pEXP-AD502 vector (ProQuest), equivalent to pDEST22 vector (Thermo Fisher Scientific) and electroporated in the DH10B-Ton A (T1 and T5 phage resistance) cells (Thermo Fisher Scientific). The average insert size was 1.1 kb and the number of primary clones was 5.3 x 10 6 cfu with a 100% insert coverage.
Sanger sequencing
A minimum of ten random colonies of the Y2H screening plates were streaked out on solid SD-Leu-Trp-His selective medium with 5mM 3-AT (Sigma-Aldrich, Saint Louis, MO, USA) and incubated for 48 h at 30˚C. Each streaked out colony was inoculated in liquid SD-LeuTrp-His selective medium and incubated overnight at 30˚C at 230 rpm. Subsequent yeast plasmid isolation was carried out using the Zymoprep Yeast Plasmid Miniprep I Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's instructions. The cDNA inserts of the prey plasmids (pDEST22-insert) were PCR-amplified using backbone-specific primers (S1 Table) and Sanger-sequenced.
Semi-quantitative qPCR
Colonies of the Y2H screening plates were dissolved and pooled in 10-15 mL of ultrapure water and plasmids were collected using the Zymoprep Yeast Plasmid Miniprep II kit (Zymo Research, Irvine, CA, USA). Prey constructs were amplified via PCR using Q5 High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) and generic pDEST22 primers that bind to the GAL4AD and the region flanking the attR1 site (S1 Table) . The following program was used: initial denaturation (98˚C, 30 s), 35 amplification cycles (denaturation 98˚C, 10 s; annealing 55˚C, 30 s; elongation 72˚C, 2.5 min), final extension (72˚C, 5 min). The PCR mixture was purified using the CleanPCR kit (CleanNA, Alphen aan den Rijn, The Netherlands) and 40 ng of the purified PCR product was used for semi-quantitative qPCRs, which were carried out with a Lightcycler 480 (Roche Diagnostics, Brussels, Belgium) and the Lightcycler 480 SYBR Green I Master kit (Roche). Specific primers (S1 Table) 
NGS data processing
The samples were sequenced by Illumina HiSeq 2000 125-bp paired-end reads. Data mapping and filtering were carried out through an in-house generated pipeline. To avoid sequencing artifacts such as read errors, primers, adapter and vector sequence contamination and PCR bias, a quality check was performed on the raw sequencing data. 
Results
Selection of baits
JAs are phytohormones that regulate the plant's defense and modulate several developmental processes. The production of JAs via the oxylipin biosynthetic pathway leads to the accumulation of bioactive (+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile). JA-Ile functions as a ligand between the F-box protein coronatine insensitive 1 (COI1) and the JA-ZIM (JAZ) repressor proteins, thereby promoting ubiquitination and subsequent proteasomal degradation of the JAZ proteins [33, 34] . Together with the TIFY8, peapod (PPD) and ZIM proteins, the JAZ proteins belong to the TIFY super-family [33, [35] [36] [37] [38] . A key regulator in JA signaling in A. thaliana is the basic helix-loop-helix (bHLH) TF MYC2, encoded by the locus AT1G32640 [39, 40] . In the absence of JA-Ile, MYC2 can physically interact with the JAZ proteins via the Jas motif, which in turn recruit the transcriptional repressor TPL and TPL-related proteins (TRPs) through the adaptor protein NINJA [18] . NINJA acts as a transcriptional repressor that harbors an intrinsic TPL-binding ETHYLENE RESPONSE FACTOR (ERF)-associated amphiphilic repression (EAR) motif mediating its activity (Fig 1) [18] . NINJA can also interact with non-JAZ TIFY proteins, demonstrating its role in processes other than JA signaling [18, 35, 38, 41, 42] . Likewise, TPL is associated with various cellular processes through its capacity to interact with a compendium of diverse proteins [18] [19] [20] [21] [22] [23] [24] [25] 38] . For instance, TPL can bind to PEAPOD proteins through the adapter proteins KIX8 and KIX9 to negatively regulate meristemoidal division in A. thaliana [38] . A role for TPL modulating brassinazole resistant 1 (BZR1)-regulated cell elongation and brassinosteroid-mediated control of shoot boundaries and root meristem development through interaction with the TF bri1-ems-suppressor 1 (BES1) has been described [23, 25] . TPL can also be recruited by CC-type glutaredoxins to target TGA-dependent promoters to control development-and stress-associated processes.
Because various direct interactors have been described for both NINJA and TPL proteins and because these are currently still heavily investigated for potential novel roles and links with different signaling pathways and cellular processes, NINJA and TPL were chosen as ideal bait proteins to develop, establish and validate our Y2H-seq methodology. Notably, whereas we used the full-length ORF of NINJA as a bait, for TPL only the amino-terminal region (AA 1-188; TPL-N) was used as a bait because this domain contains the lissencephaly homologous (LisH) dimerization and C-terminal to LisH (CTLH) motifs, which are together required and sufficient for interaction with transcriptional repressors through their EAR motif.
The Y2H-seq flow-chart
An illustration of the general workflow of our Y2H-Seq strategy is given in Fig 2. As indicated above NINJA and TPL-N were used as baits and a Y2H cDNA library originating from A. thaliana AT7 suspension cells was used as prey. The first checkpoint involves analysis of bait functionality through a Y2H assay with known interactors (preys). Alternatively, immunoblot analysis can be carried out in checkpoint 1 to validate protein expression of the fusion proteins in case no interactors are known of a particular bait prior to the screen. Subsequently, the actual Y2H screening with the functional bait is carried out by supertransformation of the bait yeast strain with the prey cDNA library. In checkpoint 2, the plasmids are extracted and Sanger sequenced for some of the colonies obtained on the selective plates. Next, pooling of all colonies on the plates is carried out, all plasmids from the pool are isolated in a single extraction and the inserts of the plasmids are amplified by PCR. In checkpoint 3, qPCR is performed to verify for enrichment of expected preys with a particular bait Y2H-seq PCR mix. For that, semi-quantitative qPCR analysis is carried out relative to the PCR product of a screen with an empty bait vector or the cDNA library itself. Finally, NGS and data analysis is performed to obtain a final list of putative interactors of the interested bait proteins.
After transformation of the Y2H reporter strain PJ69-4α with the bait plasmids, a first checkpoint is introduced, in which the bait strains were individually co-transformed with positive and negative control prey expression clones to verify functional expression of the baits, to exclude possible auto-activation and to corroborate binding with previously reported interaction partners (Fig 2) . Next, the bait strains were used for Y2H-seq screening with the A. thaliana Y2H cDNA prey library. Simultaneously, a control screening was performed with the empty expression vector, which will hereafter be referred to as EMPTY.
Subsequent to five days of selective growth of the transformed yeast cells, the prey cDNA inserts of about ten individual yeast colonies per screen were Sanger-sequenced (Fig 2) . This second checkpoint allowed us to confirm the retrieval of reported interactors as preys.
Subsequently, all yeast colonies that survived selective growth were pooled per screen and the cDNA inserts of the prey plasmid pools were amplified by PCR. A third checkpoint consisted of a qPCR analysis with specific primers for genes corresponding to known bait interactors, which allows to assess the representation of known interactors in both screens in a quantitative manner (Fig 2) . Prey abundance was quantified relative to that in the A. thaliana Y2H cDNA library.
Upon complying the expectations of all three checkpoints, the amplicons of the pooled prey cDNA inserts were sequenced by NGS (Illumina HiSeq 2000 sequencing, 125-bp paired-end reads). The NGS-output was analyzed by an adapted RNA-Seq data processing pipeline, providing a quantitative selection of known and potentially new interactors of NINJA and TPL-N, using the EMPTY screen as control to eliminate false-positive interactions and to correct for the abundance of each prey represented by the Y2H cDNA library.
Y2H-seq checkpoints
In a first checkpoint, we explore auto-activation and functionality of the bait strains. The bait strains were individually co-transformed with positive and negative control preys (Fig 3 and  S2 Table) to determine the level of auto-activation of the bait strain and to check whether the bait protein is functionally expressed and consequently can bind previously reported interaction partners [18, 26, 38] . Alternatively, immunoblot analysis can be carried out to validate protein expression of the fusion proteins in case no interactors are known of a particular bait prior to the screen.
As expected, the binary interaction between the NINJA bait and the preys PPD1, JAZ1, JAZ2 and JAZ4 was confirmed (Fig 3A) . Likewise, the TPL-N bait strain showed interaction with the preys auxin/indole-3-acetic acid 17 (IAA17) and NINJA (Fig 3B) . Furthermore, neither of the bait strains exhibited auto-activation, which indicated that NINJA as well as TPL-N were functionally expressed in the bait strains.
In a second checkpoint, we evaluate the functionality of the Y2H-seq screening with bait strains by Sanger sequencing. For the actual Y2H screening, the bait strains were transformed with the A. thaliana Y2H cDNA prey library, followed by transformation efficiency assessment and five days of selective growth (Fig 4 and S2 Table) .
A minimum transformation efficiency of 1 x 10 6 colony-forming units should be attained for a full Y2H cDNA library screening coverage [43] . This benchmark was achieved for all Y2H screenings we performed (Table 1 and S1 Fig). A minimum of ten individual colonies per screening were isolated, plasmids purified and the cDNA inserts of the prey plasmids Sanger-sequenced. In this second checkpoint, several known interactors could already be identified ( Table 2 ). The nine sequences originating from the NINJA screening corresponded to two unique interaction partners that were previously described as NINJA interactors [18] . Likewise, the 12 prey sequences that corresponded to potential interactors of TPL-N were derived from six different, all known interactors [19] .
In a third checkpoint, semi-quantitative qPCR is carried out, as a complementary approach to evaluate the quality of a Y2H-seq screening. In this third checkpoint, the quality of the Y2H-seq screening was further assessed. All selectively grown yeast colonies were pooled per screening (Fig 2) and cDNA inserts of the prey plasmid pools were PCR-amplified with vector-specific primers (S1 Table) . To examine whether potential interaction partners of the baits were overrepresented relative to the cDNA library control, a qPCR was performed using preyspecific qPCR primers (S1 Table) . In the NINJA screen, compared to the control library, the genes encoding JAZ1, JAZ2, JAZ12, TIFY8 and PPD1 were overrepresented (Fig 5) , in agreement with previous literature reports [18, 35] . Hence, this shows the value of this qPCR assay set-up as a final checkpoint before the actual Y2H-seq analysis, at least for baits with a limited set of known interactors. In contrast to NINJA, TPL can interact with potentially hundreds of proteins [19] . IAA30, the only protein identified in the checkpoint 2 that we also tested by qPCR, was enriched in the TPL-N pool. Conversely however, other EAR-motif containing proteins (from other families than the IAAs) that are known to interact with TPL, but were not readily identified in checkpoint 2, were not enriched (Fig 6, Table 2 ). Y2H cDNA library screenings are prone to false negatives, i.e. missing interactions, due among others to aberrant folding, clones with truncated genes or absence of the gene in the cDNA library. In the case of TPL-N, for example, the NINJA clone that is represented by the A. thaliana Y2H cDNA library was found to be truncated and missing the EAR domain necessary for binding with TPL-N.
Beyond the checkpoints: NGS of the amplified prey cDNA inserts
The prey pool amplicons of the EMPTY, NINJA, and TPL-N screenings were used as input for NGS by Illumina HiSeq 2000 (125-bp paired-end reads). Here, we used a pipeline relying on TopHat for read mapping and Cufflinks for gene expression quantification. The method presented here aims to compare the NINJA and TPL-N Y2H-seq screens with the EMPTY control screen to enrich for specific interaction partners while maximally avoiding the retrieval of false-positive interactions.
First, a quality check was performed on the raw reads. Thereby, adapters, low-quality sequences and partial vector sequences were trimmed (EMPTY: 2,418,105 kept reads and 22,651 discarded; NINJA: 3,555,612 kept reads and 10,727 discarded; TPL-N: 2,908,652 kept reads and 33,094 discarded). Concomitantly, paired-end and orphan single-end reads were https://doi.org/10.1371/journal.pone.0201270.g004 Table 1 . Transformation efficiency of Y2H screenings using EMPTY, TPL-N and NINJA as baits. To ensure a full screening coverage of the A. thaliana Y2H cDNA library, screening of at least 1 x 10 6 yeast colonies is advised [43] . Titers are based on the numbers of colony forming units on control plates as illustrated for the TPL-N screen in S1 split. The processed reads were then mapped to the reference genome (TAIR10) using TopHat. To avoid overestimation of short genes, only one mate-pair per read was used for mapping. The resulting alignments were used as input for Cufflinks, which generates the raw expression quantification data for each of the analyzed raw sequencing files. For the subsequent analysis of the raw expression data, a Y2H-seq pipeline was drafted in R-studio. 
Y2H-seq library screening and NGS
Mapped genes in the TPL-N and NINJA Y2H screenings with raw read counts less than six were eliminated. Genes in the EMPTY screening that had no raw read counts were given an arbitrary value of 1 and flagged as imputed. After calculating the Fragments Per Kilobase of Exon Per Million Fragments Mapped (FPKM) values, the signal to noise ratio (SNR) was defined for NINJA and TPL-N compared to EMPTY. Intuitively, one would expect little NGS data to be derived from the EMPTY screening, given that no yeast cells survived selective growth (Fig 4) . However, this was not the case and can be explained by the pooling method employed here: 'scraping' all yeast cells from the selection plates includes also dead or arrested yeast cells that may still contain intact prey plasmids. Hence, genes with a high representation in the cDNA library, and thus genes with a high expression level in Arabidopsis suspension cells, are identified in the EMPTY NGS data set.
Next, to allow setting relevant arbitrary thresholds, the 99.5 th percentiles of SNR NINJA/EMPTY and SNR TPL-N/EMPTY were calculated, leading to thresholds of 7.2 for NINJA and 6.0 for TPL-N screenings, respectively (Tables 3 and 4) . With this first threshold, overall, from the 71 potential interactors of NINJA, seven were known to be interactors [18, 35] , whereas for TPL-N, 12 out of the 51 potential interactors had been previously reported [26] . When super-implying a second threshold, in this case of >100 on the FPKM NINJA and FPKM TPL-N values, nearly all retained interactors were either reported already or very plausible. Indeed, in the case of NINJA, only TIFY-domain containing proteins were retained (Fig 7,  Table 3 ). In the case of TPL-N, all but one of the retained proteins using this second threshold contained an EAR-motif [44] , the conventional TPL recruitment domain (Fig 8, Table 4 ), and also includes proteins not yet individually reported as TPL-interactors, but belonging to multigene families such as the AGAMOUS-LIKE (AGL) and INDOLE-3-ACETIC ACID INDUC-IBLE (IAA) proteins, many members of which have already been reported as TPL interactors [19, 26] . Together, this demonstrates the robustness and potential of the designed Y2H-seq platform.
To assess whether the retrieved preys that did not pass our stringent cut-offs, nonetheless represent true potential interactors of NINJA and N-TPL, additional Y2H experiments were carried out. For NINJA, the first four potential interaction partners with SNR NINJA/EMPTY >7. 2 and FPKM NINJA <100 were tested in a binary Y2H assay (Table 3 and Fig 9) . However, none of them showed interaction with NINJA, indicating that the installed threshold of SNR NINJA/EMPTY >7.2 and FPKM NINJA >100 served as a good selection criterion, at least for NINJA.
In the retained list of potential interactors using threshold SNR TPL-N/EMPTY >6 with FPKM N-TPL >100 values, the one candidate ATCKA2 (AT3G50000) that did not contain an EAR-domain was tested for direct interaction with N-TPL in a Y2H assay, besides five candidates with FPKM N-TPL <100 (Table 4 and Fig 10) . For the latter set, we specifically avoided to pick candidates from the AGL and IAA families, which are most likely true, but less abundant interactors, and chose both candidates with and without an EAR domain. ATCKA2 interaction with N-TPL could not be confirmed with binary Y2H, suggesting it was a false positive caused by the Y2H-seq pipeline. In contrast however, interaction between TPL-N and the five other candidates were all confirmed, demonstrating that they do not represent artefacts of the Y2H-seq methodology and may be true interactors. Hence, in contrast to NINJA, this implicates that the arbitrary threshold of SNR TPL-N/EMPTY >6 with FPKM N-TPL >100 was too stringent for N-TPL. Perhaps this may be due to the pleiotropic function of TPL, which has an exceptionally high number of protein interactors, often from multigene families. For proteins such as NINJA, with a more defined role and a well-defined set of interactors, a stricter threshold may be justified. For proteins such as TPL, one may need to be more relaxed in determining candidate interactors. As exemplified here, this leads to the identification of potential Y2H-seq library screening and NGS AT3G54390, the homeodomain TF AT2G40260 and the bHLH TF AT3G19860 (Table 4 and Fig 10) .
Discussion
Here, we present a newly designed Y2H-seq strategy to identify PPIs, which enables exploiting the full qualitative and quantitative potential of Y2H library screenings in an unprecedented way. Our method circumvents multiple shortcomings of a conventional Y2H library screening. As such, for instance consumable and DNA sequencing costs are significantly cut by using a pool-based NGS-strategy instead of the conventional isolation, manipulation and sequencing of individual yeast clones that survive the screening selection. Moreover, a higher PPI coverage can be achieved in our Y2H-seq strategy by increasing library titers. A factor that will determine the impact of future Y2H-seq screenings more than ever, will be the choice and the quality of the Y2H cDNA library. For instance, full-length protein libraries may mask PPIs by steric hindrance, hence the use of more complex Y2H cDNA libraries encoding protein fragments as well as full-length proteins may now be considered, and screened in one effort, which Y2H-seq library screening and NGS could lead to a more comprehensive coverage of the PPI space. The utility of fragment-based Y2H approaches has previously been demonstrated [45, 46] . By playing with sample preparations to generate cDNA libraries, one could increase the genome coverage with no extra effort in the Y2H screening. For instance, different organs from a single plant, different developmental stages of a single organ, or explants subjected to different environmental cues or chemicals can now be pooled in a single cDNA library. This will allow expanding the number of genes screened in a single event, as well as different versions of the same gene, e.g. following expression after alternative splicing or translation start events. As such, the Y2H-seq strategy can provide a more effective way to map the PPI potential of a bait protein, allowing further exploration of biological pathways and their regulation. Furthermore, the use of cDNA Y2H-seq library screening and NGS libraries makes it possible to identify novel interaction partners of organisms of which the genome has not been fully annotated yet, unlike the use of ORF libraries based on known and completely fixed gene models.
AT3G06850 (AD)
The Y2H-seq strategy implements a quantitative readout system, with a straightforward and adaptable scoring procedure. The comparison of quantitative NGS readouts from a Y2H-seq screen with a particular bait protein to those from a control screen with the 'empty' control vectors is essential to discriminate potential true interactors from background from the library, for instance from abundantly expressed genes. Likewise, exhaustive screening of a particular cDNA library with different baits may allow comparison of the readouts of the different screens to further discriminate specific interactors screenings from 'sticky' proteins and thereby further increase the efficiency of the method. Indeed, as is also the case with other PPI discovery methods, such as tandem affinity purification [47, 48] , a specific 'blacklist' of returning Y2H-seq interactors for each cDNA library can be composed by marking common interactors of seemingly unrelated bait proteins. This may allow fine-tuning the thresholds to be set up in the filtering of the Y2H-seq NGS data, and thereby enable determining robust priority lists and reducing laborious and needless downstream validation assays to a minimum.
Finally, this strategy can also easily be extended to Y1H screenings, for which the same cDNA library could be screened, but for which considerably higher false-positive rates are typically obtained as compared to Y2H screenings [49, 50] . As such, we anticipate that the cost and labor reduction along with the increased detection and quantification potential of our Y2H-seq strategy can give an important upgrade to this long-existing, but far from fully exploited screening tool. 
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